Decomposition is a critical source of plant nutrients, and drives the largest flux of terrestrial C to the atmosphere. Decomposing soil organic matter typically contains litter from multiple plant species, yet we lack a mechanistic understanding of how species diversity influences decomposition processes. Here, we show that soil C and N cycling during decomposition are controlled by the composition and diversity of chemical compounds within plant litter mixtures, rather than by simple metrics of plant species diversity. We amended native soils with litter mixtures containing up to 4 alpine plant species, and we used 9 litter chemical traits to evaluate the chemical composition (i.e., the identity and quantity of compounds) and chemical diversity of the litter mixtures. The chemical composition of the litter mixtures was the strongest predictor of soil respiration, net N mineralization, and microbial biomass N. Soil respiration and net N mineralization rates were also significantly correlated with the chemical diversity of the litter mixtures. In contrast, soil C and N cycling rates were poorly correlated with plant species richness, and there was no relationship between species richness and the chemical diversity of the litter mixtures. These results indicate that the composition and diversity of chemical compounds in litter are potentially important functional traits affecting decomposition, and simple metrics like plant species richness may fail to capture variation in these traits. Litter chemical traits therefore provide a mechanistic link between organisms, species diversity, and key components of belowground ecosystem function.
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decomposition ͉ species richness ͉ chemical diversity ͉ litter mixtures C onsiderable effort has been invested to elucidate links between species composition, species diversity, and ecosystem function. Significant positive relationships have been found between plant species diversity and numerous above-ground ecosystem processes such as production (1) (2) (3) (4) (5) . In contrast, the effect of plant species diversity on multitrophic processes such as decomposition has been much more difficult to predict (6, 7) . The inability to predict the effect of plant species diversity on decomposition is problematic for multiple reasons. Decomposition of plant leaf and root litter is the most important process supplying nitrogen and phosphorus to plants (6) , and decomposition releases 10ϫ as much C into the atmosphere as fossil fuel combustion (8) . Moreover, multiple species typically contribute to pools of plant litter, and researchers have reported strong positive and negative effects of diverse plant litter mixtures on litter mass loss, soil respiration, and soil N dynamics (e.g., refs. 9 and 10). It is therefore critical to develop a better mechanistic understanding of how plant litter diversity influences decomposition, and specifically, how plant diversity affects soil C and N dynamics.
Here, we demonstrate that a functional trait approach, which has been shown to link plant species, species diversity, and above-ground ecosystem processes (11) (12) (13) , can also be used to explain the effects of plant species and plant species diversity on below-ground decomposition processes such as soil C and N cycling. Determining the functional diversity of species assemblages requires 2 steps: first, measurement of functional traits that are components of species' phenotypes known to influence ecosystem level processes, and second, use of functional trait data to compute a metric describing functional trait diversity (11) . The first step in developing a functional diversity approach for predicting species effects on soil C and N cycling is to identify functional traits known to influence these processes.
Litter decomposition and soil C and N cycling are driven by microbial enzymes (14) , and the production and activity of these enzymes should respond to the amount and type of substrates available within litter mixtures. Consequently, the use of litter chemical substrates as functional traits to predict variation in soil C and N cycling is appealing (15) . The degree to which functional litter chemistry traits map onto plant species richness may explain why it has been difficult to predict the effects of plant species richness on soil processes. For example, increasing species richness may not affect decomposition if litter mixtures are composed of chemically similar species. In contrast, litter mixtures composed of chemically diverse species may show significant effects of species richness on decomposition, due to the positive correlation between plant species richness and increased functional diversity of litter compounds.
In this study, we tested the hypothesis that litter chemical composition and litter chemical diversity are important functional traits that explain the effect of diverse litter mixtures on soil C and N cycling. We used soil respiration, net N mineralization, and microbial biomass N measurements to describe soil C and N cycling. To assemble litter mixtures comprised of multiple compounds and spanning a range of chemical diversity, we used litter from 4 abundant, chemically distinct plant species that grow in alpine moist meadows on Niwot Ridge, CO (16, 17) : Acomastylis rossii (Rosaceae); Artemisia scopulorum (Asteraceae); Bistorta bistortoides (Polygonaceae); and Deschampsia caespitosa (Poaceae). In a laboratory experiment, we incubated native soil with litter from each species, and litter mixtures comprised of all possible 2, 3, and 4 species combinations. We evaluated the chemical composition of litter mixtures by measuring concentrations of litter chemical traits known to have strong effects on soil C and N cycling (see Materials and Methods). The chemical diversity of litter mixtures was calculated using the proportional abundance of litter chemical traits and the Shannon diversity index (chemical diversity is abbreviated here as HЈ C , see Materials and Methods). Unlike dissimilarity metrics (11, 15) , HЈ C accounts for the presence and abundance of compounds in litter samples, allowing HЈ C to describe the chemical diversity of single species and multispecies mixtures. We predicted that litter mixture chemical composition, including interactions among chemical traits, would be a strong predictor of soil C and N cycling rates. We also predicted litter chemical diversity would significantly influence soil C and N cycling, but to a lesser extent than litter chemical composition, because HЈ C cannot account for interactions among specific chemical traits. To compare our functional trait approach with more traditional metrics, we also evaluated relationships between plant species composition and richness and soil C and N cycling.
Results
Characterization of Study System. We measured 9 litter chemical traits that together accounted for 100% of litter dry mass, and enabled us to completely define the litter we used as a function of its chemistry. A principal components (PC) analysis based on these chemical traits showed that the 4 species we used were chemically distinct from one another [ Fig. 1 and supporting information (SI) Tables S1 and S2]. The first two PC axes explained 78.7% of the variation in the chemical trait data, with PC1 strongly associated with sugar and N concentrations in the positive direction (Fig. 1) . The second PC axis was strongly associated with the acid soluble fraction in the positive direction, and phenolic acids in the negative direction (Fig. 1) . The third PC axis explained 20.2% of the variation in chemical trait data, and was positively correlated with condensed tannins (data not shown). Condensed tannins were detected only in B. bistortoides, and hydrolyzable tannins were found only in A. rossii (Table S1 ). The most chemically diverse litter treatment had HЈ C ϭ 1.57 (A. rossii and B. bistortoides mixture), and the least chemically diverse had HЈ C ϭ 1.07 (D. caespitosa litter alone). Chemical diversity scores were relatively evenly distributed between the two extremes (Fig. 2, Fig. S1 and Fig. S2 ).
Litter mixtures enhanced soil respiration and microbial biomass N, and decreased net N mineralization rates relative to the no-litter treatment to varying degrees (Fig. S1 ). These data show that the single species litter and litter mixtures we used spanned a range of chemical traits and chemical diversity, and provided a suitable system for testing the influence of litter chemical composition and litter chemical diversity on observed variation in soil C and N cycling. The system also allowed us to evaluate relationships between species composition and chemical composition, and species richness and chemical diversity.
Plant Species Composition and Litter Chemical Composition.
Plant species composition was a strong predictor of litter mixture effects on soil respiration (R 2 ϭ 0.96; F 3,114 ϭ 884.3; P Ͻ 0.0001) and net N mineralization rates (R 2 ϭ 0.59; F 1,117 ϭ 166.7; P Ͻ 0.0001), and was a significant but weak predictor of litter mixture effects on microbial biomass N (R 2 ϭ 0.064; F 1,117 ϭ 7.97; P Ͻ 0.01). Notably, increasing quantitites of A. scopulorum within litter mixtures was positively correlated with soil respiration, and negatively correlated with net N mineralization rates (Table S3 ). In contrast, increasing quantities of D. caespitosa within litter mixtures was negatively correlated with soil respiration and positively correlated with net N mineralization rates (Table S3 ). These results show that different species within litter mixtures influenced soil processes in opposing directions. However, these results do not mechanistically explain why plant species composition affected soil C and N cycling.
We used litter chemical composition data to better understand how plant species composition controlled litter mixture effects on soil processes. The first three axes of a PC analysis explained 98.9% of the total variance in litter chemical traits, and scores from these axes were used to describe the chemical composition of litter from single species and multispecies litter mixtures (see Materials and Methods). Compared with plant species composition, litter chemical composition (i.e., the identity and amount of specific compounds in litter) was an equal or better predictor of observed soil respiration rates, net N mineralization rates, and microbial biomass N (Fig. 2 Top) . Moreover, different chemical traits influenced soil C and N dynamics in opposing directions (Table 1) . For example, chemical traits associated with PC2 were positively correlated with net N mineralization rates, whereas PC3 was negatively correlated with net N mineralization rates ( Table 1 ). The association of chemical traits with the PC axes suggests that the acid soluble fraction was positively correlated with net N mineralization rates, whereas phenolic acids and condensed tannins were negatively correlated with net N mineralization rates ( Fig. 1 and data not shown).
Multiple regression models allowed us to determine whether interactions among litter chemical traits (i.e., interactions among PC axis scores) were important in predicting soil C and N cycling dynamics. Interactions among litter compounds played a minor role in influencing soil respiration rates (R inter 2 ϭ 0.002, where R inter 2 is the amount of variation in the data explained by interactions among litter compounds, see Materials and Methods). For net N mineralization rates, all four possible interactions among the PC axes (PC1*PC2, PC1*PC3, PC2*PC3 and PC1*PC2*PC3) were significant in the model (R inter 2 ϭ 0.17), and all four interaction terms were also significant predictors of microbial biomass N (R inter 2 ϭ 0.22). Combined with the sensitivity of microbial biomass N to litter compounds with low abundance (see Materials and Methods), these results indicate rare litter compounds were involved in interactions that inf luenced the microbial biomass N response. Taken together, the results show that interactions among litter compounds had noticeably stronger effects on soil N cycling than on soil C cycling.
Plant Species Richness and Litter Chemical Diversity. Soil respiration rates were not correlated with plant species richness alone (Fig.  2 Bottom), but after controlling for plant species composition, there was a weakly positive correlation between soil respiration and plant species richness (R 2 ϭ 0.002; F 1,113 ϭ 5.41; P Ͻ 0.05). However, reduced net N mineralization rates were correlated with increasing plant species richness (Fig. 2 Bottom), and microbial biomass N was positively correlated with plant species richness (Fig. 2 Bottom) . Controlling for plant species composition did not statistically change the effect of plant species richness on either net N mineralization or microbial biomass N (i.e., no change in slope, R 2 , or P value associated with plant species richness, data not shown).
Litter chemical diversity was positively correlated with soil respiration, and negatively correlated with net N mineralization, and, although R 2 was relatively low for these regressions (Ͻ 0.5), in both cases HЈ C was a much stronger predictor than plant species richness (Fig. 2 Middle and Bottom). Microbial biomass N was not correlated with HЈ C (Fig. 2 Middle) . After controlling for litter chemical composition, the correlation between soil respiration and HЈ C was still positive, but weaker and marginally significant (R 2 ϭ 0.001; F 1,113 ϭ 3.68; P ϭ 0.057). Similarly, the correlation between net N mineralization and HЈ C remained significantly negative, but was weaker after controlling for litter chemical composition (R 2 ϭ 0.076; F 1,112 ϭ 31.9; P Ͻ 0.0001). In contrast, we observed a significant positive correlation between microbial biomass N and HЈ C (R 2 ϭ 0.075; F 1,112 ϭ 9.72; P Ͻ 0.01) after variation attributable to litter chemical composition was removed. Comparing traditional metrics used to describe litter mixtures (i.e., species composition and richness) with the functional trait metrics presented here (chemical composition and diversity), we found species richness to be the poorest predictor of soil respiration and net N mineralization rates (Fig. 2) . Regressions between plant species richness and PC axis scores were all nonsignificant (R 2 ϭ 0.00, P Ͼ 0.99 for all PC axes), indicating that plant species richness was not correlated with the chemical composition of litter. Plant species richness was also not correlated with HЈ C (R 2 ϭ 0.09, P ϭ 0.28) (Fig. S2 ). As such, variation in plant species richness did not capture variation in the functional chemical traits (i.e., litter chemical composition and diversity) that significantly influenced soil C and N cycling.
Discussion
Plant litter chemical composition is an important functional trait explaining the strong effects of plant litter mixtures on belowground ecosystem function. Variation in soil C and N cycling was also significantly correlated with the functional diversity of litter chemical traits. These results support the idea that key soil processes are governed by interactions between plant litter chemical traits and the microbial enzymes that catalyze decomposition reactions. Moreover, functional litter chemical traits were not related to the species richness of the litter mixtures. The lack of a strong relationship between plant species richness and litter chemical composition and diversity may explain why plant species richness was a poor predictor of soil C and N cycling in our study and others (6, 9, 10, 15, 18, 19) .
Influence of Litter Chemical Composition.
We found that the chemical composition of litter amendments was the best overall predictor of soil processes compared with plant species composition, plant species richness, and litter chemical diversity ( Fig.  2 and Results). Litter chemical traits appear to be the most important controls on the soil C and N cycling rates we measured. Based on our results, we suggest three nonmutually exclusive mechanisms that explain why litter chemical composition was the most successful predictor of soil C and N cycling. First, chemical traits influenced soil C and N mineralization in opposing directions, and some traits influenced these processes far more than others (Table 1) . Accounting for specific compounds and their unique effects was critical for predicting soil C and N mineralization rates. This result is consistent with other studies showing that soil C and N dynamics are differentially affected by the identity and specific structure of chemical substrates entering soil (20) (21) (22) (23) .
Second, interactions among chemical traits (i.e., PC axis scores) explained a significant percentage of the variation in the N cycling data associated with litter chemical composition (25.4% and 74.2% for net N mineralization and microbial biomass N, respectively). Although we could not specifically identify which compounds interacted to control soil N cycling, the concept that N mineralization rates are linked to the amount and type of available C in litter is well established (24, 25) . For example, because tannins bind to N-containing substrates (20, 21) , N mineralization and microbial biomass N accumulation could depend on interactions between litter N content and litter tannin concentrations.
Finally, we found significantly more variation in microbial biomass N could be explained with multiple regression models, using PC axis scores derived from scaled litter chemistry measurements than with unscaled litter chemistry measurements (see Materials and Methods). Scaling the variance to one before performing the PC analysis makes the analysis more sensitive to compounds with low concentration. Combined with the fact that interactions among compounds are significant predictors of microbial biomass N (discussed above), our results indicate that litter compounds with low concentration influence microbial biomass N via interactions with other compounds. For example, litter contains relatively low concentrations of both N and labile C (e.g., sugars and LMW phenolics), which can interact to influence microbial biomass N (26).
Influence of Litter Chemical Diversity. Soil respiration and net N mineralization rates were also significantly correlated with the diversity of functional litter chemical traits ( Fig. 2 and Results) . After the effect of litter chemical composition was removed, increasing microbial biomass N was positively correlated with litter chemical diversity. Mechanistically, litter chemical diversity may have influenced soil C and N mineralization because of the increased probability of chemically diverse litter mixtures containing compounds with strong effects on these processes-i.e., the sampling effect (27) . Chemical diversity may also have affected soil C and N cycling because chemically diverse litter mixtures would increase the probability of different chemical groups reacting with each other and with soil microbes in nonadditive ways-i.e., the complementarity effect (27) . For example, chemically diverse litter mixtures would contain a more even representation of both labile and recalcitrant compounds. Increasing litter chemical diversity could therefore stimulate soil respiration via ''priming'' of recalcitrant C-substrates. Priming, the process by which labile C or N stimulates mineralization of recalcitrant C (28, 29) , could take place more frequently in chemically diverse litter mixtures because the cooccurrence of labile and recalcitrant compounds would be more likely. Chemically diverse litter mixtures could similarly inf luence net N mineralization. Interactions among N-containing substrates and C-based compounds that have strong positive or negative effects on N cycling would be more likely in chemically diverse mixtures (6). Multiple regression analysis of soil C and N responses as a function of the first 3 principal components (PC) Multiple regression models contained scores from the first 3 PC axes, and significant interaction terms among PC axes, which are not shown here. Data for total CO 2 respired were not transformed, and net N mineralization and microbial biomass N data were natural log-transformed prior to analysis.
Our results also show that, although litter chemical diversity had a significant effect on key soil processes, it was unable to explain a high proportion of variation in the data (R 2 was relatively low for HЈ C in most instances). One likely explanation is that HЈ C cannot explicitly account for litter chemical traits that influence soil processes in opposing directions (shown to occur in Table 1 ). Another reason for low R 2 values associated with litter chemical diversity is that HЈ C cannot incorporate either the presence or strength of interactions among chemical traits, and interactions were clearly important for predicting soil N cycling.
Finally, the lowest level of HЈ C was represented by only one species (D. caespitosa), and the unique chemical composition of D. caespitosa litter was therefore a confounding factor at the lowest level of HЈ C . Although litter chemical diversity remained a significant predictor of soil C and N dynamics after controlling for the effects of litter chemical composition, it is unclear whether other species with low chemical diversity would show similar results to those we obtained with D. caespitosa litter.
Conclusions
There is an inherent disconnect between functional trait composition and diversity, which are known to influence ecosystem processes, and taxonomic diversity (e.g., species richness), which is often experimentally measured and manipulated but may be unrelated to functional traits (3, 12) . This disconnect is obvious in the literature dealing with the effects of plant species richness on litter decomposition and soil C and N cycling (6, 15, 18) , with researchers reporting positive, negative, neutral and stochastic effects of plant species richness on these processes (9, 10, 19, 30) . In this study, we experimentally demonstrated that litter chemical composition and diversity are significant functional traits influencing soil C and N cycling, and these functional traits were not correlated with the species richness of plant litter mixtures. In combination with other recent studies (15, 23) , our results contribute to a new mechanistic framework linking functional traits, plant species diversity, and key components of belowground ecosystem function.
Materials and Methods
Soil and Litter Incubation Experiment. We examined soil C and N cycling with a laboratory incubation experiment. We mixed native alpine soil with litter from 4 abundant, alpine moist meadow species: A. rossii, A. scopulorum, B. bistortoides, and D. caespitosa. Litter was collected from an alpine moist meadow on Niwot Ridge, CO (a National Science Fountation Long Term Ecological Research site at 40°03ЈN, 105°35ЈW, 3,500 m elevation), in September 2004. Litter was freeze-dried without prefreezing, and dried litter was cut into 1-cm pieces and stored in paper bags at room temperature before experimental use. Soil was collected after snow-melt in early June 2006 from an alpine moist meadow on Niwot Ridge, and was then sieved (2-mm mesh), homogenized, and stored in sealed containers at 4°C before mixing with the litter. Based on field studies of soil microclimate and microbial community composition on Niwot Ridge (31), these conditions did not limit microbial taxa from growing under the experimental conditions.
Immediately before we amended soils with plant litter, we measured initial total inorganic N (TIN) concentrations and initial microbial biomass N on the bulked soil (10 subsamples per analysis) (ref. 32 and SI Methods). To construct litter treatments, we mixed soil with litter from each of the 4 species, and all 2, 3, and 4 species combinations, and a soil only control (16 total treatments, 8 replicates per treatment). We mixed 0.75 g of litter with 50 g of dry-weight soil in 120-mL polypropylene specimen cups. The amount of litter used was based on estimates of litter inputs for moist meadows at our field site. Litter mixtures contained equal mass of all component species. Litter/soil treatments were maintained between 50% and 60% gravimetric moisture and were kept at 8°C in a growth chamber for 6 weeks (mean growing season temperature, ref. 17) .
We assessed litter effects on short-term soil C dynamics by measuring soil respiration daily with an infra-red gas analyzer (LI-COR 6200) for the first 9 days, and then either every other day or every third day for the remainder of the 6 wk experiment. The total CO 2 respired was calculated by plotting respiration rate versus time and obtaining the area under the curve (PrismGraph software, version 4.0). Final TIN and microbial biomass N were also determined (SI Methods). Table S1 ). These functional chemical traits were chosen because of their demonstrated effects on soil C and N dynamics (20, 21, 23, 24, 33, 34) . Chemical trait data for the single species were then used to determine the litter chemical composition and chemical diversity of the 2, 3, and 4 species mixtures.
Litter
Plant litters were analyzed for %N with a Shimadzu elemental analyzer. Litter sugar extractions (myo-inositol, glucose, fructose, sucrose, and raffinose) were performed as described in ref. 17 . Sugars were then quantified using high-performance anion-exchange chromatography-PAD (35) . Low molecular-weight phenolic and hydrolyzable tannin concentrations in litter were quantified via high pressure liquid chromatography (HPLC), as described in ref. 36 . We compared spectra and retention times from unknown phenolic peaks with those of external standards to assign unknown peaks to representative LMW phenolic and tannin classes (36) . Extractable condensed tannins (CT) and cell-wall bound CT were quantified using the acid-butanol assay (37 and SI Methods). To account for soluble compounds we could not identify, and to quantify recalcitrant C (e.g., lignin and cellulose), we performed a proximate C fractionation on litter from each plant species (34 and SI Methods).
Characterizing Litter Chemical Composition and Chemical Diversity. We used litter chemistry measurements to calculate the chemical composition and chemical diversity of the litter amendments. The composition of functional chemical traits within single species and litter mixtures was calculated using scores from the first three axes of a principal components analysis ( Fig. 1 and SI Methods). We used a principal components approach rather than concentrations of the chemical traits themselves because some chemical traits covaried with each other, which prevented the use of multiple regression models. Linear combinations of the single species scores for PC1, PC2, and PC3 were used to calculate axis scores for all litter mixtures.
Chemical trait diversity (HЈ C) was calculated for each litter treatment using the equation for the Shannon diversity index:
As defined, C is the total number of chemical traits present in a given litter treatment, and p i is the proportion of the total mixture dry weight for chemical trait i.
Statistical Analyses. The soil C and N responses to the litter treatments were modeled as a function of litter chemical composition, litter chemical diversity (HЈ C), and plant species richness. To model the soil C and N response as a function of litter chemical composition, we used PC scores as independent variables, and a model containing 3 PC axis scores and all possible interactions was constructed (for a total of 3 primary terms and 4 interaction terms). We then used a stepwise forward and backward elimination procedure and the hierarchy principle to arrive at the most parsimonious model that fit the data. For analyses employing PC scores as independent variables, P Ͻ 0.10 was used as the cutoff for including terms in the model. To determine the amount of variation explained by interaction terms (R inter 2 ), sums of squares for all significant interaction terms were added and the total interaction sum of squares was then divided by the total sum of squares for the entire model (including residual sum of squares).
For all analyses, the response variables were natural log-transformed as necessary to meet the assumptions of parametric statistics. Quantile-quantile plots were used to assess the normality of residuals, and data were tested for homogeneity of variance with fitted versus residual plots. A priori contrasts with a Bonferroni corrected alpha were used to determine whether soil respiration, net N mineralization, and microbial biomass N responses to the litter treatments were significantly different from the controls. Statistical analyses were performed with R software, version 2.6.2.
